We introduce a high-temperature droplet epitaxy procedure, based on the control of the arsenization dynamics of nanoscale droplets of liquid Ga on GaAs(111)A surfaces. The use of high temperatures for the self-assembly of droplet epitaxy quantum dots solves major issues related to material defects, introduced during the droplet epitaxy fabrication process, which limited its use for single and entangled photon sources for quantum photonics applications. We identify the region in the parameter space which allows quantum dots to self-assemble with the desired emission wavelength and highly symmetric shape while maintaining a high optical quality. The role of the growth parameters during the droplet arsenization is discussed and modelled.
I. INTRODUCTION
The fabrication of high purity single and entangled photon sources is crucial for the development of quantum communication protocols [1, 2] and quantum computation [3, 4] , and it is a fundamental requirement for the realization of repeaters capable of transferring quantum entanglement over long distances [5, 6] . Among the different light emitting platforms, semiconductor quantum dots (QDs) are very attractive, as they can be integrated with other photonic and electronic components in miniaturized chips. Single photon and entangled photon emitters have been fabricated by QDs using self-assembly techniques like Stranski-Krastanov and Droplet Epitaxy (DE) [7] . In particular, DE enables a fine tuning of the shape, size, density, and thus, of the emission wavelength of the nanostructures [8] [9] [10] [11] with an emission range extending from 700 nm to 1.5 µm [12] .
The high symmetry (111) surface, due to its C 3v symmetry, is optimal to reduce the fine structure splitting (FSS) [13] [14] [15] , but problematic for the growth via Stranski-Krastanov growth mode, since on (111) the relaxation of a strained III-V semiconductor epilayer immediately proceeds through the nucleation of misfit dislocation at the interface rather than through the formation of coherent 3D islands [16] . DE is able to self-assemble highly symmetric QDs on (111)A substrate, capable of polarization-entangled photon emission with very high fidelity [17] . Moreover, the choice of GaAs QDs allows a fast radiative recombination and a weaker impact of spin dephasing mechanisms [18] [19] [20] [21] .
DE QDs have been demonstrated [22] to improve the yield of entanglement-ready photon sources up to 95% while matching the emission wavelength with an atomic-based optical slow medium such as Rb atoms (as proposed in [23] ) for the fabrication of quantum memories and quantum repeaters. This result was achieved through the combination of low values of the excitonic FSS and radiative lifetime, together with the reduced exciton dephasing allowed by the choice of GaAs/AlGaAs QDs fabricated on (111)A substrates. The major DE drawback, related to the low temperature kept for the nanostructure crystallization and barrier layer deposition necessary for this growth technique, was overcome using an innovative high-temperature DE technique which is allowed by the use of (111) substrates.
Here we present and investigate in details a novel high-temperature DE growth technique, which is based on the control of the growth parameters (substrate temperature and As flux) on the Ga adatom diffusion during the GaAs QDs formation by droplet epitaxy on (111)A.
In particular, we address the effect of Ga droplet arsenization for the formation of QDs at substrate temperature increased by about 300
• C with respect to previous reports [24] while avoiding QD elongation [25] due to anisotropy in Ga adatom diffusion [26] [27] [28] . We also address shape control issues, preserving hexagonal shape even at high temperatures, which has a strong impact on the optical quality and excitonic FSS. The highly symmetric dots obtained with our modified recipe show a mean line width of the neutral exciton of about 15
µeV and a best value of 9 µeV, a mean fine structure splitting of 4.5 µeV, which results in the aforementioned large fraction (more than 95%) of emitters capable of generating entagled photon, as reported in [22] .
II. EXPERIMENTAL DETAILS
The growth experiments were performed in a conventional Gen II MBE system, on epiready GaAs (111)A substrates. The optimal control of the As flux during the growth was assured by a valved cell. The cracking zone temperature of the As cell was set in every experiment at 600
• C in order to provide As 4 molecules.
After the oxide desorption at 580
• C, an atomically smooth surface was prepared by growing a 100 nm thick GaAs buffer layer and a 50 nm Al 0.3 Ga 0.7 As barrier layer after reducing the temperature to 520
• C. To achieve a smooth surface with minimal surface roughness (RMS below 0.5 nm), growth conditions were kept according to [29] . The RHEED pattern clearly showed a (2×2) surface reconstruction [30] .
The substrate temperature was then decreased to 450
• C and the As valve closed in order to deplete the growth chamber from the arsenic molecules. When the background pressure reached a value below 1 × 10 −9 Torr, a Ga flux with a rate of 0.01 ML/s was supplied to the substrate surface to form Ga droplets. During the Ga supply the surface reconstruction did not show any change. One sample with Ga droplets, from now on D, was then removed from the growth chamber.
For the other samples, in order to study the influence of substrate temperature and As flux during the crystallization on the QD formation, the substrate temperature was decreased to low temperature, 200
• C (sample L1) or medium temperature, 400
• C (sample M1) or increased to high temperature, 500
• C (all the samples of H series) and then the Ga droplets irradiated with As flux for 5 minutes. reported in table I with all the parameters used for the QD formation.
A second set of samples was then prepared using the same recipe of the first set, but capping the nanostructures with a 10 nm of AlGaAs barrier layer grown at 500 • C, another 40 nm at 520
• C and a GaAs capping layer of 5 nm. This second set will be recognized adding a C at the end of the sample name.
The morphological characterization of the uncapped samples was performed ex-situ by an Atomic Force Microscope (AFM) in tapping mode, using ultra-sharp tips capable of a resolution of about 2 nm. Ensemble photoluminescence measurements (PL) were carried out cooling the samples at 15 K and using the 532 nm line of a Nd:YAG continuous wave laser.
The incident power on the samples was 0.5 mW with a laser spot size of approximately 80 µm.
III. RESULTS
The AFM characterization of sample D, on which only Ga deposition was performed,
shows the formation of Ga droplets with spherical cup shape (see panel a of figure 1 ).
The density of the droplets is approximately 7 × 10 8 cm −2 , the diameter is 50.4 ± 7.0 nm and the height 7.4 ± 1.1 nm, the contact angle is approximately 33.7
• . The shape of the droplet is perfectly symmetric, without elongation in any crystallographic direction. Simple calculations considering the volume of the droplets, the density, and the amount of the deposited Ga, demonstrate with good agreement that all the gallium is collected inside the droplets. This is in agreement with the fact that (111)A surface is Ga terminated and the Ga excess, during gallium deposition, immediately creates droplets on the surface. Sample H4, on which the droplets were arsenized at 500
• C with a BEP of 5 × 10 −5 torr is shown in figure 1d . Here the QDs show a truncated pyramidal shape with regular hexagonal base. The mean height is 3.9 ± 0.5 nm, the hexagon side of 42.7 ± 3.2 nm, and the angle between the substrate and the sidewalls is approximately 14
• .
In order to study the role of Ga adatom diffusion and incorporation during droplet arsenization, we analyzed the AFM images and measured the total volume of GaAs crystallized inside the QDs after the arsenization, as reported in table I. An important parameter of the DE-QDs which helps to elucidate the actual processes during the droplet crystallization is the ratio γ = V 1 /V between the volume of the final QDs (V 1 ) and the GaAs volume available (V ) by the complete crystallization of the Ga contained in the droplets. It quantitatively sets the difference between a two-dimensional growth, where the droplet have the role of local group III reservoirs [31] and γ = 0, and the three-dimensional crystallization of the QD inside the original droplet. The experimental dependence of γ on As flux (J As ) and crystallization temperature T is reported in Figure 4 . The measured GaAs crystallized inside the QDs is always lower from the expected volume considering the initial Ga volume stored in the droplets, except for sample L1. The total volume of GaAs crystallized inside the QDs decreases with increasing arsenization temperature and with decreasing J As .
Another important fabrication step, which affects the optical properties of the QDs, is 6 the capping procedure. We used ensemble PL to investigate samples L1C, H1C and H4C
as shown in figure 5 in black, red and blue, respectively. The peak around either 640 or 650 nm is related to AlGaAs barrier, whereas the emission bands at 650-690, 660-705 and 700-765 nm, for samples L1C, H1C and H4C respectively, are related to QD emission. The distribution of the emission energy shows sizable modulations which are typical of QDs with low aspect ratio and can be attributed to monolayer fluctuations in height [24] .
IV. DISCUSSION
The morphology observed for the QDs grown on the sample on which Ga droplets were arsenized with low As flux, L1, M1 and H1, is in agreement with the model proposed by Jo et al. in [15] . They attributed the morphological evolution to the higher incorporation rate By increasing the As BEP up to 5×10 −5 torr at high substrate temperature, it is possible to obtain again QDs with hexagonal symmetrical shape. A graphical representation is reported in panel c of figure 2. Here we consider the shape and the mean size measured for the original gallium droplet (orange) and we compared it with the shape and the mean size measured for the QDs on sample H4 (dark green). From panel c can also be observed that on sample H4 all the sides of the hexagonal dots are away but at the same distance from the base circle of the original droplet. This means that in these arsenization conditions the incorporation of Ga adatoms along A and B steps, has comparable speeds.
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The described behaviour allows the growth of GaAs QDs by DE at substrate temperature much higher than the one typically used on (001) substrates and, compared to the data previously reported on (111)A substrates, to preserve the hexagonal shape also for arsenization performed up to 500
• C. This is expected to allow for the growth of materials with improved crystalline quality respect to the usual DE QDs crystallized at 200 • C. In fact, a low temperature of crystallization for the Ga droplets [32, 33] and subsequent AlGaAs barrier deposition [34] is detrimental for the crystalline and the optical quality of the QDs, mainly due to the formation to a high density of vacancies and the incorporation of defects. To understand the reasons beyond the observed behavior, we have to consider the control of the growth kinetic, which allows to tune the fabricated nanostructures from three to two-dimensional. On GaAs (001) substrates, nanostructure shape can vary from compact islands to rings and eventually to flat disks extending to the droplet surroundings [35] . These different shapes can be achieved by tuning the speed of the arsenization processes that takes place within the metallic droplet (process 1 in Figure 3) , and the Ga atoms diffusion and incorporation outside the droplet (process 2 in Figure 3 ).
On GaAs (111)A substrates, the geometry of the fabricated nanostructure is different due to different symmetry, and we observe compact islands for all the measured parameter range.
The parameter which quantifies the balance between process 1 (the crystallization inside the original rim of the droplet) and process 2 (diffusion/incorporation) is the ratio γ, as it is expected to range from one in the pure three-dimensional growth to zero in the diffusion/incorporation two-dimensional growth. As previously reported for (001) surface, γ is a function of T and J As [36] .
In figure 4 we reported the data related to parameter γ for the temperature series (L1, M1 and H1, from the top down in right panel) and for the As pressure series (from H0 to H5, from left to right, left panel). Considering the temperature series, it is possible to see that on sample L1 almost all the gallium is crystallized inside the hexagonal QDs, while on samples M1 and H1 a loss of about 46% and 91% of the original gallium deposited is measured. Considering the samples of As pressure series, arsenized at 500
As fluxes from 8 × 10 −7 to 7 × 10 −5 Torr, it is also consistently observed a loss in volume.
The value of γ is increasing with the equivalent pressure of As irradiated during the droplet crystallization. For this series the loss in volume of GaAs crystallized inside the QDs is between 50% and 93%. It is interesting to notice that, on (111)A surface, the possibility of a loss of material outside the final nanostructure was already observed for InAs QDs grown by DE in [37] .
To understand the observed behavior we have to consider how the droplet arsenization and the diffusion processes depend on the growth parameters. Let us first assume the droplet crystallization mechanism depends on the liquid-solid interface area, the arsenic solubility and diffusivity into the droplet and J As . Considering, as first order approximation, a slow dependence of the interface area on the growth time (process 1 in figure 3 , the volume crystallized inside the droplet depends linearly on growth time t via the equation
where ρ D is the constant that takes into account all the other factors (the arsenic solubility and diffusivity into the droplet) with the exception of the As flux J As .
The growth rate of Ga adatoms incorporated outside the nanostructure depends in a more complex way on J As and T . The easiest resulting geometry observed on GaAs (001) substrates is a disk, with a radius given by the sum of the diffusion length of Ga atoms (ℓ) and of the radius of the droplet: R = ℓ(J As , T ) + r 0 [36] . Here
where D 0 is the diffusivity prefactor, E D the diffusion activation energy and N d the surface density of As sites. The disk is therefore increasing its radius by increasing the substrate temperature and decreasing the As flux. The disk increases its thickness with a rate which is proportional to J As and to the product between As/Ga reaction probability and As residence time ζ R [38] . Considering that in most of the cases ℓ ≫ r 0 (with the exception of the low T range) and that the diffusion/incorporation process follows the same physics on (001) an (111)A, the growth rate of process 2 can be expressed by
Where µ ′ and µ are constant collecting geometrical and constant factors. The growth will proceed for a time τ until the Ga in the droplet is fully consumed. This condition is reached
The dependence of γ on J As and T is reported in Figure 4 (001) substrates, as reported in [40] , is expected to make the contribution of the crystallization process inside the droplet to be preminent even at high T, provided a sufficient increase of the As BEP. The upper limit for this effect is marked by the limited As solubility and diffusivity in the droplet for extremely high As flux.
Understanding the relationship between the growth parameters and the shape of the nanostructures is fundamental for the fabrication of emitters with specific electronic and optical properties but it is then necessary to evaluate the effect of the deposition of the in the calculation [42, 43] 
V. CONCLUSIONS
The presented high temperature droplet epitaxy procedure allows for the self-assembly of QDs with high optical quality and symmetric shape, as we demonstrated in [22] in terms of exciton linewidth (mean value 15 µeV, best 9 µeV) and FSS (mean value below 5 µeV).
These properties are fundamental for the fabrication of entanglement-ready photon sources and we demonstrated [22] that 95% of the emitters can deliver the photon pairs deterministically and with the fidelity to the expected Bell state above the classical limit. The improved optical quality is related to the high crystalline quality of the GaAs QDs and the surrounding AlGaAs barrier, as both are crystallized and deposited at a temperature close to the optimal one for the GaAs crystal growth on (111)A surface. We investigated and modeled the dependence of the QD shape and size on the parameters used during the crystallization process. We found that high temperature droplet epitaxy on (111)A substrates is governed, as the standard droplet epitaxy on GaAs(001), by the balance between crystallization within the droplet and the process of Ga adatom detachment from the droplet, diffusion and incorporation into the crystal surrounding the droplet. The predominance of the former over the latter allows for the self-assembly of 3D islands. This is realized on GaAs (111)A substrates at high T owing to the low residence time of the As on the (111)A surface which hinders the diffusion/crystallization processes on the crystal surface around the droplet. The high
As pressure required for the crystallization also permits the equalization of the growth velocities along the A and B steps resulting in a symmetric hexagonal shape is obtained. The temperature of crystallization also permits to preserve the shape of the QDs when capped, thus allowing for the reproducibility of the fabrication procedures which is a fundamental asset for the deterministic design of the emitters for wavelength-specific applications.
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